This study provides an insight into the catalytic activity of the Mg (II) -water electrochemical system, from aqueous magnesium chloride hexa-hydrate to magnesium oxy-hydroxide electro-nucleation, growth and evolution, using Linear Sweep Voltammetry (LSV) coupled to a Quartz Crystal Microbalance (QCM) (−0.80 > E V/ SCE > − 1.80).
Linear sweep voltammetry coupled to a quartz crystal microbalance for investigating the catalytic activity of the Mg (II) -water electrochemical system and managing the Mg oxy-hydroxide hydration state From − 0.90 V, reduction of the intramolecular water of the hexa-coordinated Mg(H 2 O) 6 2+ cluster enhanced the cathodic current°°+ i i /
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Introduction
Magnesium-based materials are used for industrial and environmental applications [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Specifically, Mg and its alloys are of interest for energy-storage applications [14] [15] [16] [17] [18] [19] [20] due to their high volumetric capacities. In the case of Mg corrosion (spontaneous and/or under polarization), Mg displays a so-called "negative difference effect" that is clearly demonstrated under anodic polarization: the hydrogen evolution on the Mg (0) anode increases with increased current or potential (i.e. the water reduction rate increases with increasing the Mg (0) dissolution rate) [21] [22] [23] [24] [25] [26] . By careful experimental design [24] [25] [26] [27] and DFT calculations [25, 27, 28] , several authors have shown that hydrated dissolution products (Mg oxy-hydroxides formed on the Mg (0) surface) catalyze hydrogen evolution; i.e. the chemical reduction of water (by galvanic corrosion of Mg (0) ) is energetically more favourable on a partially hydroxylated Mg surface than on Mg (0) [29] . The investigation on the electrochemical behaviour of Mg oxy-hydroxides is thus of primary importance for improving corrosion resistance and developing high-performance systems. In the same way, MgO and (Mg(OH) 2 )-like compounds have attracted significant interest for industrial applications [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . Various studies [40] [41] [42] [43] [44] [45] claim that Mg(OH) 2 -like compounds were electro-synthesized on platinum cathodes at fixed potential in the presence of compounds whose reduction produces OH − (H 2 O, O 2 or NO 3 − essentially), but no mechanism was proposed [46, 47] . The acquisition of better insight into this process is among the objectives of our work, of which the first step is the study of the electrosynthesis pathway of Mg(OH) 2 , the prototypical hydroxide phase.
In aqueous solution Mg (II) exists as a water-hexa-coordinated cluster Mg(H 2 O) 6 2+ [48] [49] [50] [51] , whose structure is unaffected by counter ions (even Cl − ) [49] , suggesting great stability. This octahedral magnesium complex behaves as a "weak Bronsted acid" Eq. (1). 
Besides the deprotonation of one water molecule, the resulting structure keeps its octahedral geometry, 'five waters' and the OH group bonding to the central atom in the first solvation shell [48, [50] [51] [52] [53] [54] [55] . In addition, Mg (II) keeps its octahedral coordination whatever the hydration state [48] [49] [50] [51] [52] [53] [54] [55] .
Our work aims at better understanding of the evolution of Mg (H 2 O) 6 2+ , under continuous sweeping of the applied potential. Using Linear Sweep Voltammetry (LSV) coupled to a Quartz Crystal Microbalance (QCM) provides insight into the electrochemical behaviour of the catalytic activity of the Mg (II) -water electrochemical system and particularly the electro-nucleation, growth and evolution of magnesium oxy-hydroxides (i.e. Mg oxy-hydroxide hydration state management).
Materials and methods

Chemicals
Chemicals (normapurs > 99.8%) were supplied by Sigma-Aldrich. Experiments used MgCl 2 , 6H 2 O (2 × 10 − 2 M). They were conducted in NaCl 0.1 M (pH 5.5) milli-Q water (18.2 MΩ·cm).
Apparatus and techniques
Potentials were measured versus a saturated calomel electrode (SCE). Investigations were carried out under LSV (from − 0.8 to ) also used as working electrodes. Experiments were conducted at 25°C, in a divided cell. Both compartments were continuously stirred and deaerated (humidified N 2, 99.99999%, 1 bar). The platinum-wire counter electrode was immersed in NaCl 0.1 M and separated from the working-electrode compartment by a glass frit.
Methodology used for data processing
We logarithmically analysed (Tafel law, I = I°exp(−β c nFη/RT)) current flow through the resonator versus E for the I = f(E) data acquired in NaCl (0.1 M) and in Mg(H 2 O) 6 2 + (2 × 10 − 2 M), NaCl (0.1 M), for comparison of the kinetic parameters (i°, β c ) of the involved redox systems. Equation Δ R G°= − RTlnK eq = − nFE served to evaluate the equilibrium constant K eq of the involved reaction.
We calculated the resonator mass variation with the Sauerbrey relation [56] . We then calculated the number of moles (A) of the solid (κ) generated during electrolysis using Eq. (2):
Numerical integration of I = f(E) curves provided the instantaneous (A 
where Δt represents the time step (0. 
Comparison of this number of moles with that obtained from the mass measured by QCM, led to proposing a formula for the coating on the resonator. 6 2 + and simultaneous monitoring of cathode mass-variation 
Results and discussion
Voltammetric behaviour of Mg(H 2 O)
Logarithmic analysis of the I = f(E) curve leads to Eq. (6) that leads to: a) the value of the cathodic electronic transfer coefficient (β c = 0.20, assuming n = 1 e − /mol of reduced water), and b) the exchange current density°i H O 2 = 2.29 ×10 − 9 A·cm − 2 , which clearly translates an irreversible redox system: . The exponentially shaped I = f(E) curve shows a higher current magnitude compared with that obtained in NaCl (Fig. 1,i) . Also, effective reduction begins at − 0.902 V instead of −1.03 V in NaCl. Logarithmic evolution of I = f(E) shows a linear segment (until −1.50 V) (Eq. (7)) that helps determining the kinetic parameters of the redox system:°= 
The increased exchange-current density
= 575) shows that the involved redox system is less 
The only species at low concentration that explains the obtained limiting current (Fig. 1,iii) To obtain an electro-synthesized coating, ξ must be 2; thus the first possible cluster that can precipitate is Mg(H 2 O) 4 (OH) 2 also implying 2 electrons exchanged in Eq. (8) .
For a better understanding of the concomitant phenomena observed at the resonator, the interfacial pH was estimated from Fig. 1 ,i using the Leveque equation and the Nernst-film model; pH reaches~10.1 at − 1.15 V (Fig. 2,i) , creating favourable conditions for brucite precipitation. It then continuously increases in the range 10.4-12.1 with the potential decreasing from − 1.2 V to − 1.8 V.
The mass of κ obtained from QCM versus E (Fig. 1,ii' ), enables estimating the coating growth rate (Δm/Δt); its evolution (Fig. 2,ii) is correlated with the λ values (Fig. 2,iii and Fig. 2,iv) . The mass m of the electrodeposit obtained from QCM during a time interval (i to i + 1) versus E, is expressed for this interval by Eq. (9):
where A inst (i + 1) is the instantaneous number of κ moles defined in Eq. (3) using one electron per intramolecular reduced water. The calculation of A inst (i + 1) requires the net current used for reduction of the magnesium hexa-hydrated complex, obtained by subtracting Fig. 1,i from Fig. 1 ,ii. The resulting net current (Fig. 1,iii) was assumed to correspond to reduction of the intramolecular water of Mg(H 2 O) 6 2+ (faradic yield yF = 1). Using data from Fig. 1 ,iii and Fig. 1 ,ii', Eq. (9) determines the instantaneous value of λ (i + 1) for time interval i to i + 1. Fig. 2 ,iii gives the corresponding λ versus E. For better comparison, Fig. 2 ,iv shows the λ = f(E) results calculated using the whole cathodic current (i.e. using Fig. 1 ,ii and Fig. 1 ,ii'). 
Reaction (10) can be obtained by subtracting twice Eqs. (5) from (8), where ξ = 2, or
To obtain a rough estimate of K R10 , the potential of both Eqs. (5) and (8) ). Though the determination of this constant is not rigorous, Mg(H 2 O) 4 (OH) 2 appears relatively stable. During the formation of Mg(H 2 O) 4 (OH) 2, the growth rate is constant (180 ng/(s·cm 2 )) until reaching complete coverage of the working electrode by tetra-hydrated magnesium hydroxide (E = −1.25 V, segment B in Fig. 2,ii) .
From − 1.25 V to − 1.5 V (segment C, Fig. 2 ,ii), the following points should be mentioned: a) the mass of the solid deposit increases; b) the growth rate shows an almost linear increase (from~220 tõ 620 ng/(s·cm 2 )); and c) the hydration state λ of the coating decreases continuously until reaching~2. This increase of the solid-deposit mass means that formation of Mg(H 2 O) 4 (OH) 2 occurs as in Eq. (8), but also that the hexa-coordinated cluster dehydrates, in agreement with the λ value and according to Eq. (11): irreversible than the direct reduction of H 2 O. Moreover, β c × n = 0.12 is approximately half of that obtained from a NaCl solution (β c × 1 = 0.20). Subtraction of the residual current (Fig. 1,i from Fig. 1,ii) determines the net current related to the presence of Mg (H 2 O) 6 2 + (Fig. 1,iii) , showing a pseudo-plateau corresponding to masstransfer limitation.
The mass variation of the resonator obtained by the QCM (Fig. 1,ii' ) can be separated into various areas. For potentials over ~−1.2 V, the mass deposited at the resonator is quasi nil, even if the current increases from 0 to 25 μA (Fig. 1,ii) . For potentials more cathodic than ~− 1.2 V, the mass gain is sharply enhanced and reaches a maximum value of ~7.5 μg at~− 1.7 V, revealing the rapid growth of a coating at the interface. From −1.7 V to − 1.8 V, the mass-variation curve (Fig. 1,ii') shows a slightly decreasing pseudo-plateau, whereas the cathodic reduction current further increases.
Discussion
The increase in current magnitude from −0.9 V to − 1.15 V suggests the existence of an electroactive species different from free water. The concomitant increase of resonator mass from −1.15 to −1.7 V suggests that the electro-synthesized solid (named κ) is non-passivating as it allows simultaneous coating growth and current flow.
As Mg (II) is electro-inactive under the chosen conditions [57] , the observed current is attributed to the reduction of intramolecular water
In fact, the solid coating consists of a mix of three compounds: Mg (H 2 O) 4 (OH) 2 , Mg(H 2 O) 2 (OH) 2 and Mg(OH) 2 . The pseudo-plateau observed for λ at − 1.5 V indicates an energy gap limiting the total dehydration process. Our data show that, at − 1.7 V, the overall composition reaches Mg(OH) 2 6 2+ clusters to the gold electrode. Nevertheless, beyond −1.7 V, reduction continues ( Fig. 1,ii) and the current is more than twice that obtained in the absence of Mg(H 2 O) 6 2+ ( Fig. 1,i ). In addition, Eqs. (11) and (12) release hydroxyl ions that basify the interfacial area and slow-down the waterreduction reaction. This appears to be in complete disagreement with the observed current magnitude, especially since the mass simultaneously shows a slight decrease (Fig. 1,ii' ) from − 1.7 V. A plausible explanation of the current increase beyond − 1.7 V is an intramolecular dehydroxylation of Mg(OH) 2 to magnesium oxide (Eq. (13)), the subject of a future study.
Conclusions
This work aimed at investigating and improving the knowledge of the catalytic activity of the Mg (II) -water electrochemical system and particularly the Mg-oxyhydroxides electro-nucleation, growth and evolution, using coupled LSV-QCM methods. The work was done in NaCl, using a gold resonator via water reduction to hydrogen in the absence and presence of Mg(H 2 O) 6 2+ . Coupled current and mass data indicate that the: a) Intramolecular water of the Mg(H 2 O) 6 2+ clusters is reduced (− 0.902 V/SCE), thus enhancing the current in comparison with the data acquired in NaCl; b) Precipitation of a hexa-coordinated compound, Mg(H 2 O) 4 (OH) 2 occurs from cathodic potentials over −1.2 V/SCE; c) Value of the Gibbs free enthalpy variation of the formation reaction of such brucite (Eq. (10)) is negative, indicating a certain stability of this electro-synthesized hexa-coordinated compound.
Beyond − 1.25 V/SCE, a competitive process occurs at the resonator, between the electro-generation of Mg(H 2 O) 4 (OH) 2 and its gradual dehydration to a) to Mg(H 2 O) 2 (OH) 2 from − 1.25 V/SCE to − 1.5 V/SCE, and b) to Mg(OH) 2 from − 1.5 V/SCE to − 1.7 V/SCE. The Mg(OH) 2 electro-synthesized coating is~30 nm thick at −1.7 V/ SCE. From − 1.7 V/SCE to −1.8 V/SCE, both current and mass magnitude indicate Mg(OH) 2 dehydroxylation. MgO is the presumed product.
Our results provide a suitable tool for fine control of Mg oxyhydroxide hydration state. This work is the first key step for a better insight in the electrochemical behaviour of the Mg (II) -water electrochemical system. Further experiments should be conducted by using electrochemical and synchrotron coupling for a better insight in the attendant atomic-scale phenomena. (11) A competitive process thus occurs at the electrode, between the electro-generation of Mg(H 2 O) 4 (OH) 2 and its gradual dehydration to Mg(H 2 O) 2 (OH) 2 . The coating growth rate has a maximum value of 620 ng/(s·cm 2 ) at~−1.5 V. Beyond −1.55 V (segment D), both the coating growth rate and λ decrease and cancel (both become 0) at a potential of ~− 1.7 V. During this period, both current (Fig. 1,ii) and mass of the coating (Fig. 1,ii') increase.
Mg
As before, these facts indicate another competitive process occurring at the resonator. Because the coating mass increases, it can be concluded that new Mg(H 2 O) 4 (OH) 2 precipitates, while some dehydrates sequentially Eqs. (11) and (12) until Mg(OH) 2 .
